We present a physically motivated semi-analytic model to understand the clustering of high redshift Lyman break galaxies (LBGs). We show that the model parameters constrained by the observed luminosity function, can be used to predict large scale (i.e θ 80 ′′ ) bias and angular correlation function of galaxies. These predictions are shown to reproduce the observations remarkably well. We then adopt these model parameters to calculate the halo occupation distribution (HOD) using the conditional mass function. The halo model using this HOD is shown to provide a reasonably good fit to the observed clustering of LBGs at both large and small (θ < 10 ′′ ) angular scales for the whole range of z = 3 − 5 and limiting magnitudes. However, our models underpredict the clustering amplitude at intermediate angular scales, where quasilinear effects are important. The average mass of halos contributing to the observed clustering is found to be 6.2 × 10 11 M ⊙ and the characteristic mass of a parent halo hosting satellite galaxies is 1.2×10
from the growth and gravitational collapse of initial Gaussian density perturbations. Thus the statistical properties of galaxies are determined by the statistics of the parent halo population, given a model for how stars form inside these halos. The properties of dark matter halos are quite well understood using N-body simulations (Springel et al. 2005 ) and analytical models like the halo model of large scale structure (Cooray & Sheth 2002) . These approaches provide the abundance, spatial distribution and merger history of dark matter halos. Numerical simulations also suggest a possible universal dark matter halo density profile, NFW profile (Navarro et al. 1997 ). Given the above inputs on dark matter halo properties and a specific model of galaxy formation inside these halos, it is possible to explain the two major observables of galaxies, their luminosity function and clustering. In addition, such models can throw light on the complex physics of galaxy formation, such as rate and duration of star formation, feedback mechanisms etc.
There has been extensive modelling of the luminosity functions and clustering of galaxies at low redshifts (Somerville & Primack 1999; Yang et al. 2003; Zheng et al. 2009; Zehavi et al. 2011) . Several studies on understanding the LF of high redshift LBGs have also been carried out Benson et al. 2003; Stark et al. 2007 ; Khochfar et al. 2007 ). We have been exploring physically motivated semi-analytic models of galaxy formation to understand the LFs of LBGs and Lyman-α emitters, galactic winds and reionization of the intergalactic medium (Samui et al. 2007 (Samui et al. , 2008 (Samui et al. , 2009b (Samui et al. ,a, 2010 ). In our model, the luminosity of any galaxy is obtained from a physical model of star formation rate which depends on the mass and age of the hosting halo. We then combine this information with the formation rate of dark matter halos to obtain the LF of LBGs at various redshifts (see section 2 for details). These models have reproduced the LFs of high z LBGs from z = 3 − 7 reasonably well. In addition they constrain the efficiency of star formation and its duration in LBGs, and have also been used to set tight limits on the neutrino mass (Jose et al. 2011) . We now wish to examine if our simple physical model for galaxy formation, combined with the halo model, can also explain the clustering of the high z LBGs.
Semi-analytical models of clustering involve giving a prescription for how many galaxies of different luminosities occupy a dark matter halo of a given mass. This is called the Halo occupation distribution (HOD) and is usually given in a parametrized form (Jing et al. 1998; Seljak 2000; Scoccimarro et al. 2001; Bullock et al. 2002a,b; Berlind & Weinberg 2002; Berlind et al. 2003; Kravtsov et al. 2004; Zehavi et al. 2004; Hamana et al. 2004; Zehavi et al. 2005; Zheng et al. 2005; Hamana et al. 2006; Conroy et al. 2006; Lee et al. 2009 ). In our work we calculate the HOD without assuming any parametric form. Combining this with the dark matter halo abundance, bias and density profile, the galaxy clustering can be calculated.
To begin with we assume that each halo can host at most one visible central galaxy. By fitting the observed LF of LBGs, we find the masses of dark matter halos which host an LBG of a given luminosity. We then show that our prescription of star formation that fits the observed LF of LBGs can also simultaneously explain their large scale clustering (θ 80"). In order to also account for the small angular scale clustering we calculate how many subhalos hosting a detectable satellite can form in a bigger parent halo using the conditional mass function (Cooray & Sheth 2002 ) and our star formation prescription. Thus we provide a method of calculating the HOD from first principles, which can then be used to predict the LBG clustering. Using our approach, we show that one can explain both the UV LFs and luminosity dependent clustering of LBGs and gain useful insights into galaxy formation. The organization of this paper is as follows. In the next section we describe our physical model for computation of the LF of LBGs. In Section 3 we focus on the clustering of LBGs on large angular scales. We then turn to our physically motivated model to calculate the central and satellite contributions to the HOD and use these to obtain total angular correlation functions at all angular scales. Section 5 presents a comprehensive comparison of the total angular correlation function computed in various models with observations. A discussion of our results and conclusions are presented in the final section. For all calculations we adopt a flat ΛCDM universe with cosmological parameters consistent with 7 year Wilkinson Microwave Anisotropy Probe (WMAP7) observations (Larson et al. 2011 ). Accordingly we assume Ωm = 0.27, ΩΛ = 0.73, Ω b = 0.045, h = 0.71, ns = 0.963 and σ8 = 0.801h −1 Mpc. Here Ωi is the background density of any species 'i' in units of critical density ρc. The Hubble constant is H0 = 100h km s −1 Mpc −1
THE STAR FORMATION RATE AND LUMINOSITY FUNCTION
Our aim is to construct a self consistent semi-analytical model, that can explain the luminosity functions and clustering of high redshift LBGs. In this section, we briefly recall the semi analytical treatment of Samui et al. (2007) (hereafter SSS07) to model luminosity functions of high redshift LBGs [See also Samui et al. (2009b) (hereafter SSS09); Jose et al. (2011) ] before presenting our prescription to calculate angular correlation functions at large and small scales. In this section we also show the relationship between star formation rate and stellar mass and stellar mass function predicted by our model. In the models of SSS07, the star formation rate (ṀSF ) in a dark matter halo of mass M collapsed at redshift zc and observed at redshift z is given by (see, Chiu & Ostriker 2000; Choudhury & Srianand 2002) ,
× exp − t(z) − t(zc) κt dyn(zc) ,
where, f * is the fraction of the total baryonic mass that is converted into stars over the entire lifetime of the galaxy and t(z) is the age of the universe at redshift z; thus T (z, zc) = t(z) − t(zc) is the age of the galaxy at z. Further, t dyn (zc) is the dynamical time scale of a halo collapsing at zc and is given by where ρvir(zc) = ∆c(zc)ρc(zc) with ∆c(zc) being the over density of the halo at the redshift of collapse, relative to the critical density ρc(zc) = [3H 2 (zc)/8πG]. Typically t dyn at any redshift is about 10% of the Hubble time at that redshift. Finally, κ in Eq. 1, is a parameter which governs the duration of the star formation activity. The star formation rate in a halo reaches a peak value when it's age is κt dyn . Also over the life time of the galaxy a total baryon mass of f * M (Ω b /Ωm) will be converted into stars in any halo of mass M . In Fig. 1 , we show the fraction of the stars formed inside a halo (i.e M * /[f * M (Ω b /Ωm)]) as a function of the age of the halo (here M * is the stellar mass in the halo). From the figure one can see that 50 % of the stars are already in place within a time-scale of T ∼ 300 − 500 Myr inside dark matter halos that collapses in the redshift range of 5.5 − 3.5 for κ = 1. While the star formation can last for few 10 9 yrs, the period over which the galaxy is detectable depends on the halo mass and the luminosity threshold of the observations.
The stars are formed with a Salpeter IMF in the mass range 1 − 100 M⊙. The population synthesis code Starburst99 (Leitherer et al. 1999 ) is used to obtain the rest frame luminosity (l1500) at 1500Å as a function of time of a galaxy undergoing a burst of star formation. The assumed star formation rate of a galaxy, as given in Eq. (1), is then convolved with this burst luminosity to get the time evolution of the luminosity, L1500, of an individual star forming galaxy (See Eq. (6) and Figure 1 of SSS07)
Due to dust absorption, only a fraction (1/η) of L1500 produced by the stars manages to escape the galaxy. This luminosity (L = L1500/η) is then converted to a standard absolute AB magnitude MAB, using the equation given by (Oke & Gunn 1983) , to enable direct comparison with the observed data. Having obtained the MAB of individual galaxies we can compute the luminosity function Φ(MAB, z) at any redshift z using,
Here dn(M, zc)/dzc =ṅ(M, zc)dt/dzc, andṅ(M, zc)dM is the formation rate of halos in the mass range (M, M +dM ) at redshift zc. SSS09 modelled this formation rate as the time derivative of Sheth & Tormen (1999) (hereafter ST) mass function as they are found to be good in reproducing the observed LF of high-z LBGs. Therefore we useṅ(M, zc) = dnST (M, zc)/dt where nST (M, zc) is the ST mass function at zc. Also note that we use the notation n(M ) for dn/dM for convenience. Star formation in a given halo also depends on the cooling efficiency of the gas and various other feedback processes. We assume that gas in halos with virial temperatures (Tvir) in excess of 10 4 K can cool (due to recombination line cooling from hydrogen and helium) and collapse to form stars. However the ionization of the IGM by UV photons increases the temperature of the gas thereby increasing the Jean's mass for collapse. Thus in ionized regions, we incorporate this feedback by a complete suppression of galaxy formation in halos with circular velocity vc 35 km s −1 and no suppression with vc Vu = 95 km s −1 (Bromm & Loeb 2002) . For intermediate circular velocities, a linear fit from 1 to 0 is adopted as the suppression factor [Bromm & Loeb (2002) ; see also Benson et al. (2002) ; Dijkstra et al. (2004) , SSS07]. SSS07 found that this feedback mechanism naturally leads to the observed flattening of the LF at the low luminosity end.
In our models, we also incorporate the possible Active Galactic Nuclei (AGN) feedback that suppresses star formation in the high mass halos, by multiplying the star formation rate by a factor [1+M/Magn] −β . This decreases the star formation activity in high mass halos above a characteristic mass scale Magn, which is believed to be ∼ 10 12 M⊙ (see Bower et al. 2006; Best et al. 2006) . In our models we consider β = 0.5 and Magn as a free parameter. Note, SSS07 used AGN feedback with β = 3, but suppressed the halo formation rate instead of star formation rate as we do here.
A crucial parameter of our model is f * /η which governs the mass to light ratio of the galaxies at any given redshift. A number of recent works have tried to measure the amount of dust obscuration of UV luminosity (parametrized here by η) at high redshifts by fitting the spectral energy distribution (SED) of LBGs (Reddy et al. 2012; Wilkins et al. 2012; González et al. 2012; Bouwens et al. 2012) . They suggest a tentative evidence for the dust correction to increase with luminosity at a given redshift. However introducing such a trend, which is not yet well established (at least quantitatively), would add another source of uncertainty in our models. Therefore, for simplicity, in our models we assume η to be luminosity independent at any given redshift. It is also been suggested that the dust corrections may evolve with redshift. We do take into account this average evolution of η with z as given by Stark et Related to the light to mass ratio. This parameter is assumed to be independent of the mass of the halo.
Magn
Determines the mass scale of AGN feedback. The AGN feedback is assumed to suppress the star formation in dark matter halos by a factor (1 + M/Magn) 0.5 . κ
Determines the typical duration of star in individual dark matter halos. The star formation rate in a halo reaches a peak value when it's age is κt dyn . ∆t 0
This parameter, defined in Section 4, is used for calculating small angular scale clustering. ∆t 0 is the minimum time difference between the formation epochs of a parent halo and sub-halos hosted by it.
(2012); Reddy et al. (2012) . Note that for a luminosity independent η, we only need the combined parameter f * /η to fit the LFs of LBGs. Moreover, as we will show below, the clustering predictions are also determined solely by the combined parameter f * /η. We describe the free parameters of our model in Table. 1. The parameter f * /η at each redshift is fixed by fitting the observed luminosity function of LBGs using χ 2 minimization. In this way our physically motivated model for star formation gives the relationship between the halo mass (M) and the luminosity (L) of the galaxy it hosts. It is important to note that our prescription of star formation naturally introduces a scatter in the M-L relationship because halos of mass M forming at different redshifts, produce different luminosities at the redshift of observation. SSS09 showed that this M-L relationship can successfully explain the luminosity functions of high redshift LBGs.
In Fig.2 , we show the observed luminosity function of LBGs together with our best fitted model results for three different redshifts. As a fiducial model we have chosen κ = 1.0 at all redshifts and three different values for Magn, 0.8 × 10
12 M⊙, 1.5 × 10 12 M⊙, and 3.0 × 10 12 M⊙ at redshifts 3, 4 and 5 respectively. With these parameters the observed luminosity functions is well reproduced for f * /η of 0.042, 0.038 and 0.032 respectively for z = 3, 4 and 5. The χ 2 corresponding to the best fit luminosity function at redshifts 3, 4 and 5 are 10.80, 8.58 and 10.51 (with corresponding reduced χ 2 of 1.35, 0.78 and 1.31) respectively. These values of f * /η are used below when we map the clustering of dark matter halos to that of galaxies.
Recent advances in multi-band deep field observations allow one to estimate SFR and stellar mass (M * ) in individual LBGs and their global stellar mass function using SED fitting. These are used to establish trends between SFR and M * (Stark et al. 2009; González et al. 2011; Reddy et al. 2012; Wilkins et al. 2012; González et al. 2012; Bouwens et al. 2012) . Note the individual values of these derived quantities need not be accurate as they depend on the models used to generate the SEDs. However, the observed trends may depend weakly on the SED model parameters. Although the focus of our paper is on LBG clustering, it would be of interest to compute these quantities and trends discussed above.
If we use the average value of η ∼ 4, 2.2, 2 at z = 3, 4, 5 estimated from Bouwens et al. (2012) ; Reddy et al. (2012) , we get f * ∼ 0.17, 0.08, 0.06 at these redshifts. This implies an increase in the fraction of baryons converted to stars with time. Using Fig. 1 , we can infer that about 3 − 8% of the total baryons in a typical galaxy is converted to stars over a timescale of 300 − 500 Myr for z = 5 − 3.
Using the derived values of f * we can calculate LUVstellar mass (M * ) relation from our model at any z. Our models capture a clear correlation between the two quantities as found by the previous authors (Stark et 1500 . Also at MAB = −20, we find M * ∼ 10 9 M⊙. These compare reasonably with the observations presented by González et al. (2011) (Figure 1 ), who find a relation M * ∝ L 1.7 1500 , with also M * ∼ 10 9 M⊙ at MAB = −20. We can also compute the global stellar mass function for the galaxies in any luminosity range. For galaxies with absolute magnitude in the range −18 MAB −23, at z = 4 and for M * 10 9 M⊙, we find that the stellar mass function can be approximated by a powerlaw with a slope of ∼ −1.5. We also find the abundance of galaxies per dex in M * at 10 9 M⊙ is about 10 −2.2 per Mpc 3 . This compares reasonably well with the results of González et al. (2011) who find a slope of the stellar mass function −1.4 to −1.6 and galaxy abundance 10 −2.5 per Mpc 3 per dex. We defer a detailed discussion of these issues to a future work as our focus here is on the spatial clustering of LBGs.
Thus our physically motivated models capture the basic trend seen based on SED fitting analysis. In passing we mention that the specific star formation rate (SSFR) calculated in our models and its evolution with redshifts are found to be consistent with the trends quoted in the literature (González et al. 2011 (González et al. , 2012 Bouwens et al. 2012 ). As our main focus of this work is to understand the spatial clustering of LBGs at different redshifts we differ a detailed discussions on SFR, M * , SSFR and their redshift dependence to a future work.
CLUSTERING OF LBGS AT LARGE ANGULAR SCALES
We couple the semi-analytic models described above with the halo model to compute the correlation function of highz LBGs. In order to calculate the galaxy-galaxy correlation function on all scales one requires a full knowledge of the halo occupation distribution (HOD), which describes the conditional probability P (N |M ) for N galaxies of a given type to reside inside a halo of mass M (Bullock et al. 2002b; Berlind & Weinberg 2002) . On scales much bigger than the virial radius of a typical halo, the clustering amplitude is dominated by correlation between galaxies inside separate halos. On the other hand, on scales smaller than the typical virial radius of a dark matter halo, the major contribution to galaxy clustering is from galaxies residing in the same halo. These separate contributions to two point correlation function are called 2-halo and 1-halo terms respectively. In this section we concentrate on the 2-halo term. The first moment of halo occupation is the mean number of galaxies of a given type inside a parent halo. It has contributions from both central and satellite galaxies Zehavi et al. 2011 ). In the calculation of LF in the previous section we have assumed that each halo hosts a single star forming galaxy. However, the detectability of this galaxy depends on its age, the limiting luminosity of the observations and feedback processes introduced in the previous section. Neglecting the one halo term is a good approximation for correlation functions on large scales because (i) on largest scales the clustering is insensitive to the galaxy distribution inside a halo and is dominated by the two halo term, (ii) using our model, we later show that, for the LBGs we consider, the total number of satellite galaxies of a particular luminosity is much less than the total number of central galaxies of the same luminosity in a large volume. Thus on large scales the contribution to clustering due to satellite galaxies is not significant compared to the clustering of central galaxies.
The galaxy power spectrum on large scales (small k) due to the two halo term alone, assuming linear bias, is given by (Cooray & Sheth 2002 )
where P lin (k, z) is the linear dark matter power spectrum. The scale dependent, galaxy number weighted, halo bias or in short galaxy bias, bg(k, z), is given by
As before, n(M, z) is the ST halo mass function, ng(z) = n(M, z)dM is the number density of galaxies and b(M, z) is the mass dependent halo bias factor provided by the fitting function of Sheth and Tormen (Sheth & Tormen 1999; Cooray & Sheth 2002) . It has the following functional form is the linear growth factor in a ΛCDM universe. Also we use p = 0.3 and q = 0.707 as given by Sheth & Tormen (1999) . In Eq. (6) u(k, M ) is the Fourier transform of dark matter density profile normalized by it's mass, i.e u(k, M, z) = ρ(k, M, z)/M . We assume the Navarro, Frenk and White (NFW) profile (Navarro et al. 1997; Bullock et al. 2001 ) for the dark matter density distribution in halos. On scales much greater than the virial radius of a typical halo of mass M , u(k, M, z) = 1. Thus galaxy bias, bg(k, z), on large scales (much larger than the virial radius of typical collapsed halos) or small k, will be independent of k.
The actual clustering observations are for a galaxy sample with an apparent magnitude below some threshold (or a corresponding lower luminosity threshold L th ). So bg(k, z) in Eq. (6) should be calculated for only galaxies which have luminosity greater than L th . We use our model described in Section 2 for calculating the time dependent luminosity of a galaxy hosted by a dark matter halo of mass M . This can then be used to obtain the galaxy bias for LBGs with the luminosity threshold L th , at any redshift of observation z as,
Here, L(M, zc, z) is the luminosity of a galaxy of mass M at z, formed at zc. The theta function, Θ (L(M, zc, z) − L th ), in the above equation ensures that the galaxy bias will have contribution only from those galaxies formed at zc and that shine above the threshold luminosity L th at z. If we do not have this constraint imposed by the Θ function, the integral over zc is just Eq. (8) reduces back to Eq. (6). Also ng(z, L th ) is the number density of galaxies having luminosity in excess of the limiting luminosity, L th , and is given by,
In our prescription of star formation, at any given redshift z, a galaxy hosted by a halo of mass M will shine with a given luminosity at two different ages, when its star formation is either in the rising phase or in the declining phase. As a result there are two redshifts of formation z1(L th , M, z) and z2(L th , M, z), such that the galaxy will produce an observed luminosity L th at z. We demonstrate this in Fig.  3 , where we have plotted the halo mass M that can host a galaxy of luminosity L th (corresponding to an apparent magnitude m = 25) at z = 4 against the redshift of formation of the halo. The figure clearly shows that halos of any mass (above a minimum mass Mmin) formed at two different redshifts can shine with the same luminosity at z = 4. For example, when M = 10 12 M⊙ these two redshifts are approximately 4.27 and 5.82 (shown by the abscissa of intersection of the horizontal red dotted line with the curve). A halo of mass 10 12 M⊙ formed between these redshifts will shine with a magnitude brighter than MAB = −20.1 at z = 4. For the case illustrated above, this minimum mass is roughly 5.2 × 10 11 M⊙ and this halo has to be formed at zc ∼ 4.8 for it to have a luminosity L th at z = 4. In our models, the exact values of z1, z2 and Mmin for a given observed lumi- Table 2 . Asymptotic values of bg (L th , z) predicted uniquely by using model parameters that best fit the high z LFs. These parameters are (i)f * /η, an indicator of the light to mass ratio at any redshift (ii) M min (L th , z), the minimum mass of a galaxy that can shine brighter than a given luminosity threshold L th at redshift of observation, (iii) ng(z, L th ), the number density of galaxies with luminosity greater than L th in units of 10 −4 (h/M pc) 3 and bg(L th , z), the luminosity dependent galaxy bias are tabulated for three limiting apparent magnitudes at each redshift. The last column is the galaxy bias given by Hildebrandt et al. (2009) , after correcting for the larger σ 8 adopted by them. nosity will depend only on f * /η that we fix by fitting the luminosity function as discussed before. Our model of star formation ensures that halos of mass M > Mmin collapsing between z1(L th , M, z) and z2(L th , M, z) will always shine brighter than L th at z, while galaxies formed outside these intervals do not. Thus the Θ function in Eq. 8, is unity for M > Mmin and z1 zc z2 and zero otherwise. Therefore bg(k, L th , z) in Eq. (8) can be written as,
At this point, given Mmin, z1 and z2 one can compute bg(k, L th , z). As these parameters can be fixed by the parameters governing the star formation in a halo, the observed luminosity function alone in principle will allow us to predict bg(k, L th , z) uniquely. We present our results for the fiducial set of model parameters that reproduces the observed luminosity function. In Table 2 we present the predicted asymptotic (k −→ 0) value of bg(L th , z) at three different redshifts (and three luminosity ranges each) using f * /η values obtained by fitting the observed luminosity function of LBGs at these redshifts. This table also gives apparent magnitude cut-off (m), corresponding absolute magnitude cut-off (MAB), Mmin and ng(L th , z) as given in Eq. 8.
We compute the luminosity dependent galaxy power spectrum, P 2h g (k, L th , z), by substituting bg(k, L th , z) from Eq. (10) into Eq. (5). We then have
The corresponding luminosity dependent two point correlation function of galaxies with luminosity greater than L th at z, can now be calculated using (Peebles 1980 )
We compute luminosity dependent angular correlation function w(θ, z) from the spatial correlation function using Limber equation (Peebles 1980 )
where r(θ; z ′ , z ′′ ) is the comoving separation between two points at z ′ and z ′′ subtending an angle θ with respect to an observer today. Here we have also incorporated the normalized redshift selection function, N (z), of the observed population of galaxies. In Eq. (13) we neglect the redshift evolution of clustering of the galaxies detected around z. Hence the spatial two-point correlation function ξg(r, z) is always evaluated at the observed redshift.
In Fig. 4 we over plot the angular correlation function computed in this way using the predicted value of bg from our models that produce best fits to the LF, on the observed angular two point correlation functions given by Hildebrandt et al. (2009) . We have also plotted the angular correlation function of dark matter density (obtained by putting bg(k, L th , z) = 1) in dotted-blue curves. To compute our correlation function we used the N (z) from Hildebrandt et al. (2009) , which are kindly provided by the authors (BCsim redshift distribution; see Table 4 and Figure 5 of the paper). It is clear that at large angular scales (i.e θ 80 ′′ ), where the linear approximation used here is valid, our model predictions match well with the observations at different redshifts and different luminosity (or apparent magnitude) thresholds.
The large scale galaxy bias is determined by Hildebrandt et al. (2009) from their data by making power law fits to observed galaxy correlation functions, and comparing the corresponding galaxy variance at 8h −1 Mpc (σ8,g) with σ8 computed from the dark matter power spectrum. In the last column (column 7) of Table. 2 we show the large scale bias bg(H) of LBGs obtained this way by Hildebrandt et al. (2009) , after correcting for the larger σ8 adopted by them. The large scale bias bg that we predict from our models agrees well with bg(H) estimated by Hildebrandt et al. (2009) from their power law fit, for all but the brightest of the LBG samples. For the brightest sample of LBGs at all redshifts the bias we predict is systematically lower. Nevertheless, in agreement with Hildebrandt et al. (2009) , we also find that (i) at a given z the bias increases with increasing luminosity and (ii) for a given L th the bias increases with increasing z. However at any given z the spread in bg as a function of L th is less in our case compared to that of Hildebrandt et al. (2009) .
We also see from Fig. 4 that the two halo term is not able to account for the strength of clustering seen on small angular scales given by θ < 50 ′′ at redshift 3 and θ < 80 ′′ at redshifts 4 and 5. However we have not yet included the 1-halo term in the correlation function, arising from correlation between galaxies within any given halo. We will address this issue in the Section 4.
Sensitivity of large angular scale correlation function to change in parameters
Here we present the sensitivity of the predicted large scale correlation functions to changes in astrophysical and cosmo- logical parameters. To do this, we considered models, where a single astrophysical or cosmological parameter is assigned values around it's fiducial value, keeping all other parameters fixed to their fiducial value.
Sensitivity to Astrophysics
We begin by showing in Fig. 5 sensitivity of large scale clustering predictions to the assumed values of, κ which determines duration of star formation in a halo and Magn, a characteristic mass scale corresponding to the AGN feedback. Note that, in each case the f * /η gets automatically fixed when we fit the observed luminosity function. The results are shown at z = 3 and m = 25. Any change in astrophysical parameters will not alter the amplitude and shape of dark matter correlation function. However in principle they can change the luminosity dependent galaxy bias by simply changing the luminosity of a galaxy. Hence on large scales the astrophysical parameters will affect clustering predictions only through galaxy bias.
As we can see explicitly in Fig. 5 , the changes in astrophysical parameters produce negligible effects on the clustering on large scales. This is expected for Magn because of the following reason. For z = 3 we have chosen the parameter Magn ∼ 0.8 × 10
12 M⊙ so that the predicted LF matches with the observed data. In the plot we varied Magn between 0.5 Magn/10 12 M⊙ 1.1. From Table 2 it is clear that, Mmin, the minimum mass cutoff in the integral to calculate large scale bias (see Eq. 10) is always less than 10 12 M⊙. Since the number density of halos decays exponentially with σ 2 (M ) at these mass scales, the major contribution to bg(z, L th ) in Eq. 10 comes from mass scales lower than Magn. Therefore, we can conclude that the value of Magn and hence the AGN feedback used in our models will not be that sensitive to clustering on large scales. From Fig 5 it is also clear that the change in κ is not affecting the predicted clustering at large scales. We know that a change in κ is not affecting the number density of halos of a particular mass. However a smaller κ means the baryons are converted to stars over a shorter timescale. Hence for a fixed f * (or the baryon fraction being converted to stars), a smaller κ leads to a increase in the SFR and increased luminosity. This will shift the predicted total LF more or less along the luminosity axis. While fitting the observed luminosity function this shift with respect to our fiducial model is nullified by changing f * /η. This means that even when the κ is decreased and the star formation rate is enhanced, the observed luminosity of a galaxy hosted by a halo of a given mass is almost unchanged, and hence the luminosity dependent large scale clustering is not significantly affected.
Sensitivity to Cosmology
On large scales values of cosmological parameters can affect two point correlation function by changing the amplitude and shape of dark matter power spectrum and also by modifying the halo mass function and halo bias and thereby altering the galaxy bias. To see these effects more clearly, we have plotted in Fig. 6 the percentage differences in the clustering predictions with changes in cosmological parameters from their fiducial value. In this figure we varied the cosmological parameters within their 2σ limits determined by WMAP7 year data. The parameter f * /η in each case is fixed by fitting the observed luminosity function. All the curves in Fig. 6 difference of clustering ranges from minimum of few % (for σ8 and Ω b ) and a maximum of ∼ 12% (for ns) for the assumed values of parameters, with notable differences being produced only on very large scales.
We are particularly surprised why our models with various values of σ8 predict almost same large scales clustering. In order to understand this we consider two models A and B with different values of σ8 given by σ A 8 = 0.68 and σ B 8 = 0.80. In Appendix A we have obtained an expression for the approximate ratio between galaxy correlation functions of models A and B on large scales (Eq. A7). In particular we consider the clustering of galaxies with threshold apparent magnitude 25. From our analysis in Section 4 we can obtain the average mass of a galaxy, Mav, that can shine brighter than this magnitude threshold. For models A and B, the corresponding average masses are M A av ∼ 5.6 × 10 11 M⊙ and M B av ∼ 10 12 M⊙ respectively. Using these in Eq. A7 we get the ratio between correlation functions on large scales for models A and B to be 1.05. This is consistent with our model predictions shown in Fig. 6 . Thus in our model various effects due to the change in σ8 cancel each other to get similar large scale clustering of high redshifts LBGs.
THE CORRELATION FUNCTIONS INCLUDING THE SATELLITES
In the previous sections we assumed that a halo can host at most one detectable galaxy. This assumption is not adequate to explain clustering at small angular scales, especially on scales smaller than virial radius. Each halo can in principle host multiple galaxies. A complete description of the distribution of galaxies inside a halo is called halo occupation distribution (HOD). Following the approach of Kravtsov et al. (2004) we separate the central and satellite contributions to HOD (see also Zheng et al. (2005) ; Cooray & Ouchi (2006) ; Conroy et al. (2006) ). That is the mean number of galaxies inside a dark matter halo can be written as Ng(M ) = fcen(M ) + Ns(M ) where fcen(M ) and Ns(M ) are respectively the mean number of central and satellite galaxies. We also assume the central galaxy to be situated at the center of the halo and satellite galaxies around it (Kravtsov et al. 2004) . In this approach the 1-halo term has contributions from the correlation between central-satellite and satellite-satellite pairs.
In the framework of this approach, the the total correlation function can be written as (Cooray & Sheth 2002) 
where each term on RHS has contributions from central as well as satellite galaxies.
The HOD: a physical model
Often the HOD is modelled in a parametrized form, motivated by simulations or observations, and the value of the parameters are derived by fitting the galaxy correlation function. Instead we adopt a more physical approach. We ask, given our model for galaxy formation, what is the expected mean occupation number of central and satellite galaxies of a given luminosity, in a given halo. These can then be used to compute the correlation function.
The central galaxy occupation
We begin by formally expressing the mean occupation number of central galaxies with a luminosity threshold L th inside a halo of mass M at any redshift z. This is given by,
Thus, in our model fcen(L th , M, z) is the probability that a halo of mass M at z hosts a galaxy with brightness greater than L th . Again the Θ (L th (M, t(z) − t(zc)) function ensures that only those galaxies collapsing at zc and having L > L th at z are counted in the integral over zc. As described earlier, z1(M, L th , z) and z2(M, L th , z) are the two redshifts at which a galaxy of mass M has to be formed, so that it shines with an observed luminosity L th at z.
In Fig. 7 we have plotted as thin lines, the average occupation number of central galaxies (fcen(M )) as function of the mass of the parent halo, calculated using the above prescription. The results are shown at z = 3, 4 and 5 for three different magnitude thresholds which are labelled in each panel. These curves are obtained using the fiducial set of model parameters (given in Section 2) that reproduce the observed luminosity function 1 . We can see that for a given redshift and limiting magnitude fcen(M ) increases with the mass of the hosting halo to a limiting value of 1. Also note that the mean occupation number of central galaxies drops to zero below some mass scale Mmin. This value of Mmin is almost the same as that given in Table. 2; the change is due to the minor corrections to f * /η we apply to take care of the satellite contribution to the LF in Section 4.4. In Table 3 we give the values of Mmin for all the three redshifts and limiting magnitudes. For example, at z = 4 for apparent magnitudes 25, 25.5 and 26, Mmin = 5.7 × 10 11 , 3.4 × 10 11 and 2.1 × 10 11 M⊙ respectively. Many of the semi analytical models for clustering of low redshift galaxies (Zehavi et al. 2011; More et al. 2009 ) use a step like function with smooth cut-off profile for fcen(M ). One can see from Fig. 7 that such a profile for fcen(M ) naturally arises from our simple physical model of star formation. Infact the smoothness of the cut-off seen in the function fcen(M ) at the low mass end for our models, is due to the scatter in the M-L relationship.
It is of interest to calculate the average value of fcen for halos above the threshold mass Mmin, defined as
We give the value of fcen in Table 3 for different magnitude thresholds and redshifts. One can see from Table 3 that fcen is generally of order 0.4; or 40% of halos above Mmin can typically host luminous LBGs, for any given luminosity threshold and redshift. This number, which in our model only depends on f * /η obtained by a fit to the LFs, is comparable to the duty cycle values preferred by Lee et al. (2009 Lee et al. ( , 2012 ). Finally we also give in Table 3 , the average mass Mav of a halo hosting the central LBG, for each redshift and luminosity threshold. This average mass is defined by,
At z = 4 and for apparent magnitudes 25, 25.5 and 26, Mav = 10 12 , 6.2 × 10 11 and 3.9 × 10 11 M⊙ respectively. At z = 5 these masses are smaller by a factor ∼ 1.4 while at z = 3, Mav is larger by a similar factor.
We also note that bg(k, L th , z) in Eq. (10) can be rewritten in terms of fcen(L th , M, z) as,
which is the standard formula for the galaxy bias, excluding the satellite contribution.
The satellite galaxy occupation
In order to get an estimate of the number of subhalos and thereby the number of satellite galaxies hosted by a halo of mass M , we use the conditional or progenitor mass function. The conditional mass function gives the comoving number density of subhalos of mass Ms which formed at zs inside a region containing a mass M (or comoving volume V ) that have a non-linear over density δ at zp. It is given by (Mo & White 1996; Cooray & Sheth 2002) n(Ms, zs|M, δ, zp)dMs = ρm Ms ν10f (ν10) dν10 ν10
where
Here, δ l (δ, zp) is the linear density contrast at redshift zp corresponding to non-linear over density δ and ρm = Ωmρc is the back ground density of baryons and cold dark matter. It should be noted that the formation epoch of the subhalo should precede the formation epoch of the parent halo (zs > zp) and mass of the subhalo should be always smaller than that of the parent halo (M > Ms). The function on the RHS of Eq. (19) has the same form as the unconditional mass function but with δ
. We use Sheth-Tormen form for the RHS in Eq. (19), in our calculations (see Section 3.3 of Cooray & Sheth (2002) for more details). The total number of halos of mass Ms which formed at zs inside the volume containing mass M is N (Ms, zs|M, δ, zp)dM s = (M/ρm)n(Ms, zs|M, δ, zp)dM s,
where we have multipliedn by the comoving volume (M/ρm).
Our aim is to find the number of satellite galaxies of a particular luminosity inside a dark matter halo of mass M . To calculate this we assume that the region containing mass M is a collapsed dark matter halo at z. Thus in Eq. (19) we take δ l (δ, zp) = δc(zp) (Cooray & Sheth 2002) . In this limit the conditional mass function gives the number density of satellite halos in the mass range Ms and Ms + dMs at zc inside a halo of mass M that collapsed at z. We choose the time derivative of N (Ms, zc|M, δ, z) as the formation rate of subhalos of mass Ms inside a big halo of mass M . We also assume that even though dark matter halos are formed and destroyed inside the over dense cell of mass M , the satellite galaxies formed in these subhalos have survived and can be observed.
We further assume that no subhalo should be formed very close to the formation epoch of parent halo. More precisely if tp = t(zp) is the age of the universe when a parent halo collapsed then all the subhalos formed inside that parent halo within a time interval ∆t0 prior to tp do not host a satellite galaxy; rather they will be part of the parent halo itself. Thus we assume tp − ts ∆t0 where ts = t(zs) is the age of the universe when the sub halo formed inside a parent halo. In our models we vary ∆t0 as a free parameter. Also we expect that it is of the order of dynamical time scale t dyn of the parent halo. It should be noted that the time scale ∆t0 corresponds to a redshift interval ∆z0 which is a function of the redshift of collapse of the parent halo 2 . Figure 7 . The halo occupation distribution, Ng (M ) , as a function of the mass of the hosting halo, as predicted by our models at various redshifts for three limiting magnitudes. In each panel the thin curves corresponds to fcen(M ) where as the thick curves give the total occupation Ng(M ) = fcen(M ) + Ns(M ). The redshifts and apparent magnitudes are labelled in each panel. The curves are obtained using a fiducial set of model parameters (given in Section 2) that reproduce the observed luminosity function. In addition to that, to obtain the satellite occupation (Ns(M )), we have adopted ∆t 0 = 1.6t dyn , 1.5t dyn and 1.4t dyn at z = 3, 4 and 5 respectively (see text for details).
In principle, a parent halo seen at z could itself have collapsed at a slightly earlier redshift zp > z. However, it turns out (see Fig. 7 ), that only massive halos with M 10 12 M ⊙ have significant probability of hosting an observable satellite galaxy. Such massive halos are more likely to collapse close to the redshift of observation z itself (as their formation rate will rapidly fall with increasing zp). Thus for simplifying our computations of the satellite occupation, we will assume that the collapse redshift of the parent halo is also the redshift of observation; i.e zp = z. Of course for computing fcen we do not make any such approximation.
In the following discussions we also assume that star by a factor fm (same as the parameter ϕ in Lee et al. (2009)).
Since smaller mass halos typically collapse earlier than larger masses, the parameter ∆t 0 used here achieves a similar goal to fm; although it does not exclude similar but slightly smaller mass satellites in the main parent halo.
formation models for the central and satellite galaxies are identical (given by Eq. (1)). This is similar to the assumption used by previous authors (Lee et al. 2009; Berrier et al. 2006; Conroy et al. 2006) where feedback due to halo merging processes are ignored. We first compute the number of satellite galaxies of magnitude in the range MAB and MAB + dMAB inside a halo of mass M . This is given by,
It should be noted that ϕ(M, MAB, z)dMAB is not the luminosity function of satellite galaxies, but the total number of satellite galaxies in a magnitude range MAB and MAB + dMAB inside a halo of mass M . The average number of satellites, Ns, with luminosity greater than L th in halo of mass M at redshift z can be computed as
where the luminosity L is related to MAB in the standard manner.
The total halo occupation
We have plotted in Fig. 7 the total occupation number of galaxies, Ng(M ) = fcen(M ) + Ns(M ), as a function of the mass of the parent halo. These curves are shown in thick lines for at z = 3, 4 and 5 and for three luminosity thresholds. Thin lines correspond to occupation number of central galaxies. In order to obtain Ns(M ), apart from the fiducial model parameters that fit the observed luminosity function, we have adopted ∆t0 = 1.6t dyn , 1.5t dyn and 1.4t dyn at z = 3, 4 and 5 respectively. These values of ∆t0 are chosen as they are later used in Section 5.1 for explaining the small angular scale clustering. We find that for each limiting magnitude the mean number of satellites is a monotonically increasing function of hosting halo mass. As an example at z = 4 for a halo of mass 2 × 10 12 M⊙ the mean satellite occupation numbers are respectively 0.14, 0.27 and 0.38 at threshold apparent magnitudes of 25, 25.5 and 26. For a bigger halo of mass 5 × 10 12 M⊙ these numbers change to 0.34, 0.48 and 0.61 for the same limiting magnitudes at the same redshift.
We have also computed the average value of Ns in a manner similar to calculating fcen in Eq. (16). The results are given in the last column of Table 3 . We see from the table that typically Ns is only about 5-10% of fcen . Thus the average number of detectable satellites, in a halo, is typically much less than unity. This implies that all halos do not necessarily host an additional detectable satellite galaxy; however some small fraction of them do and it is these pairs of LBGs which contribute to the small scale clustering. Such a conclusion has also been arrived at by Conroy et al. (2006) using numerical simulations.
It is also of interest to ask for a characteristic mass MP of a parent halo which is hosting a detectable satelite galaxy.
We define this as follows:
This is also given in Table 3 . For apparent magnitudes 25, 25.5 and 26, and z = 4, MP = 1.9 × 10 12 M⊙, 1.2 × 10 12 M⊙ and and 7.4 × 10 11 M⊙ respectively. For z = 3 the corresponding MP is ∼ 1.5 times larger, while for z = 5, MP is smaller by a factor ∼ 1.4. This also means that the characteristic mass of parent halos hosting detectable satellites is ∼ 2 times larger than the mass of the halo hosting a central LBG.
Note that the mean satellite number obtained in our physically motivated models can be fit asymptotically by a power law of the form Ns(M ) ∝ M α , with α ∼ 0.6 − 0.9. Interestingly this is similar to the parametrized form Ns(M ) used in Hamana et al. (2006) , who also adopt a similar slope. Moreover, the form of HOD that we derive from our physically motivated model (and shown in Fig. 7) is also similar to that obtained by Conroy et al. (2006) from their models of HOD using N-body simulations combined with a prescription of associating mass to light (see Figures 8 and 10 of their paper).
The one halo term
We can now compute the 1-halo term using the standard assumption that radial distribution of satellite galaxies inside a parent halo follow the dark matter density distribution (Cooray & Sheth 2002) . For the present calculations we use the NFW form for the dark matter density distribution. In this case the 1-halo term is given by (Tinker et al. (2005) ; Cooray & Ouchi (2006) ; see also Skibba & Sheth (2009 
Here,
is the total number density of galaxies which includes both the central and satellite galaxies. Further ρNF W is the NFW profile of dark matter density inside a collapsed halo and λNF W (r|M ) is the convolution of this density profile with itself . The NFW density profile is given by
where the ρs and Rs are characteristic density and radius respectively. The ratio of the virial radius and the characteristic radius of the halo is defined as the concentration parameter (c = Rvir/Rs). For the halo concentration parameter we use the fitting functions given by Prada et al.
(2012) (Eq. (14-23) of their paper). These fitting functions of concentration parameter at high redshifts, unlike earlier fits, flatten and then upturn with increasing mass. We also check the sensitivity of our results to other expressions for Table 3 . Physical parameters constrained using observed luminosity function of high-z LBGs after incorporating the satellite galaxies in our semi-analytical models. These parameters are f * /η, an indicator of the light to mass ratio at any redshift, M min (L th , z), the minimum mass of a galaxy that can shine brighter than a given luminosity threshold L th at redshift of observation, Mav(L th , z) is the average mass of a dark matter halo that can host a central LBG satisfying the luminosity threshold L th , M P (L th , z) the characteristic mass of a parent dark matter halo that hosts satellite LBGs which satisfy the luminosity threshold L th , fcen , the average central occupation and Ns , the average satellite occupation. concentration parameter. Also following the N-body simulations and semi-analytical models (eg. Kravtsov et al. 2004; Zheng et al. 2005) , we assume that the number of satellites inside a parent halo forms a Poisson distribution. Thus we have Ns(Ns − 1) = N 2 s .
The two halo term
The correlation between satellite-satellite and satellitecentral pairs located in different halos also modifies the 2-halo term. In this case the expression for scale dependent galaxy bias in Eq. (18) can be modified by adding in the contribution from satellite galaxies. Note that each halo of mass M has Ns(L th , M, z) satellite galaxies, brighter than L th . Thus the number density of satellite galaxies associated with a halo in any mass interval M and M + dM is n(M, z)Ns(L th , M, z)dM . These satellites are residing in a parent halo with a large scale bias b(M, z). Therefore, the average galaxy bias obtained by adding the contributions of both the central and satellite galaxies is,
If halos do not host any satellite galaxies, ie Ns|L th , M, z) = 0, this expression reduces back to Eq. (18). We can now compute the two halo term by substituting Eq. (28) into Eq. (5) and using Eq. (12).
The total luminosity function
One may wonder if the additional satellite galaxies inside a halo can modify the luminosity function. In this section we compute the contribution to galaxy luminosity function from visible satellite galaxies. The total luminosity function of LBGs at any redshift can be written as,
In section 2 we computed the luminosity function due to central galaxies. The contribution to luminosity function due to satellite galaxies can be written as,
(30) In Fig. 8 we have plotted the luminosity functions of both central and satellite galaxies separately at z = 4. It is clear that the number density of satellite galaxies (red dotted curve) at any given MAB is roughly an order of magnitude less compared to that of central galaxies (blue dashed curve) at any luminosity bin. Thus the contribution to total luminosity function (solid black curve) due to satellite galaxies is negligible at any given luminosity. However, these satellites can still contribute to the small scale clustering. As discussed earlier, the typical mass MP of parent halos hosting satellite galaxies is roughly 2 times the average halo mass Mav of a detectable LBG itself. As the luminosity roughly scales with halo mass, the central galaxy in the parent halo could then be about 2 times (or about 0.60 magnitudes) brighter. From Fig. 8 , we can see that satellite galaxies with absolute magnitude say −21, in a parent halo of mass MP , will be about a third as abundant as the central galaxies, with absolute magnitude −21.6, in them. Such pairs which will then occur in every third parent halo of mass MP (hosting a detectable galaxy) will contribute significantly to the small angular scale clustering.
COMPARISONS WITH OBSERVATIONS

The total correlation functions
The total two point correlation function of galaxies at any scale is the sum of the contributions from one halo and two halo terms (as given in Eq. (14)). This can be converted to the angular correlation functions using Eq. (13). We again adopted the same fiducial model with κ = 1.0 and three different Magn values, 0.8×10 12 M⊙, 1.5×10 12 M⊙, and 3.0× 10 12 M⊙ at redshifts 3, 4 and 5 respectively (κ and Magn are described in Table 1 ). The cosmological parameters are kept to their fiducial value. We also use ∆t0 = 1.6t dyn , 1.5t dyn and 1.4t dyn at z = 3, 4 and 5 respectively for all the models, but test the sensitivity of the results to this choice. This free parameter will correspond to different redshift intervals ∆z0 at z = 3, 4 and 5. Various parameters of our fiducial model are tabulated in Table. 4.
The total angular correlation functions computed using our prescription for three redshifts and three threshold magnitudes are overplotted on the observed data in Fig. 9 . In this figure the blue solid curves are our predictions of total galaxy angular correlation functions for the fiducial model. The dotted and dashed curves are for ∆t0 = 1.0 t dyn and 2 t dyn respectively. We see that adopting the fiducial ∆t0 values quoted above provides a better fit to the data at small angular scales, for all redshifts and magnitudes. A smaller (larger) ∆t0 leads generically to an excess (deficit) of small angular scale clustering. The black dash-dotted lines show the contribution to correlation function due to central galaxies alone (computed in Section 3 and given in Fig. 4) . The satellite galaxies contribute negligibly to clustering at large angular scales, as suggested earlier in Section 3. The remaining contribution, which dominates especially at small angular scales (θ < 10 ′′ ), is mainly due to the one halo term. It is also clear that the one halo term does not affect clustering on large angular scales (θ > 10 ′′ ). Note that the one halo and two halo contributions are distinctly seen in the observed data for z = 3 and z = 4 as predicted by our models. But these distinct contributions are not so clearly seen in the z = 5 data.
From the figure it is clear that our simple physical model gives a reasonable fit to the observed angular correlation functions at large (θ > 80 ′′ ) and small (θ < 10 ′′ ) angular scales. This is true at all magnitude thresholds and at all redshifts. Moreover at z = 3 the the predicted angular correlation functions fits the observed data reasonably well at all angular scales (including the range 10 ′′ < θ < 80 ′′ ), for magnitude thresholds 25.0 and 25.5. However, for the most luminous galaxies at z = 3 (with m < 24.5), and for redshifts 4 and 5, there is a discrepancy in the intermediate scales between the theoretically predicted correlation function and observed data points.
In order to explore these issues further, we now consider the LBG clustering measurements at z = 4 by Ouchi et al. (2005) , which extends to much fainter galaxies with m 27.5. We show in Fig. 10 our model predictions of correlation functions at z = 4 along with observed data (red squares) given by Ouchi et al. (2005) . In this figure the predicted angular correlation functions with ∆t0 = 1.5 t dyn , that fits the Hildebrandt et al. (2009) data, is shown in blue solid lines. The dotted and dashed blue curves are obtained respectively by adopting ∆t0 to be 1.0 t dyn and 1.25 t dyn . Figure 9 . The angular correlation function of LBGs, taking into account the one halo and the two halo terms, at redshifts 3, 4 and 5 for various limiting magnitudes. Each row corresponds to a particular redshift, which is labelled in the first panel of that row. In each row there are three panels showing the clustering predictions for galaxies with three threshold magnitudes, that are also labelled in the respective panels. Our fiducial model predictions of galaxy angular correlation functions with ∆t 0 = 1.6t dyn , 1.5t dyn and 1.4t dyn at z = 3, 4 and 5 respectively are shown in blue solid lines. The dotted and dashed curves are for ∆t 0 = t dyn and 2t dyn respectively. The black dash-dotted lines show the correlation functions computed without satellite contribution (see Fig. 4 ). The data points and error bars shown by solid black triangles are from Hildebrandt et al. (2009) .
Note that here we have used the appropriate redshift distribution of galaxies (N (z) in Eq.13) as in Ouchi et al. (2005) .
It is clear from Fig. 10 , that for the fainter galaxy sample (m 26.5), our physical model predicts a better fit to observed w(θ) even at the intermediate scales (10 ′′ < θ < 80 ′′ ). Note that this was also the case for the faintest LBGs at z = 3 (see Fig. 9 ). The typical mass of dark matter halo hosting a galaxy increases with its luminosity. For example, we find that the minimum mass of the dark matter halos that can host a galaxy with m < 27.5 is 4.8 × 10
10 M⊙ compared to 5.7 × 10 11 M⊙ for a galaxy with m < 25.0. The higher order (quasi-linear) corrections to dark matter halos bias (Cooray & Sheth 2002 ) is expected to increase with the mass of the halos (Scannapieco & Barkana 2002; Iliev et al. 2003) . This then suggests that the discrepancy at intermediate scales seen in Fig. 9 could be due to missing quasi-linear (higher order) bias in our models.
One can also see from Fig. 10 that, for fainter galaxies, a smaller value of ∆t0 gives a better fit to the small scale clustering (θ < 10 ′′ ). For example, for LBGs with m = 25.0− 26.0, the fiducial value ∆t0 = 1.35t dyn gives a good fit to the observed small scale clustering. However, for fainter LBGs with m = 27.5, one requires a smaller ∆t0 ∼ 1.0t dyn to obtain a good fit on small angular scales. Since the typical masses of fainter galaxies are smaller than that of brighter galaxies, this suggests that the parameter ∆t0 could be a function of the masses of the parent and satellite galaxies. Such a mass dependence could be an issue to probe further Figure 10 . The angular correlation function of LBGs, taking into account the one halo and the two halo terms, at redshift 4 for various limiting magnitudes. Our fiducial model predictions of galaxy angular correlation functions with ∆t 0 = 1.5 t dyn is shown in blue solid line. The dotted and dashed blue curves are obtained respectively by adopting ∆t 0 to be 1.0 t dyn and 1.25 t dyn . The data points and error bars shown by red squares are from Ouchi et al. (2005). in the future when the small angular scale clustering data becomes more extensive. It could for example reflect the fact that the SFR of satellites is dependent on the properties of the parent halos. Note that our model predictions of the large angular scale clustering is almost free of parameters, once we fix the cosmology and f * /η from fitting the LFs of LBGs. We have given in Table 4 , the reduced chisquare χ Note that the discrepancy that we have found between model predictions for the brightest LBGs and the observed clustering data at intermediate scales, is also present in some of the previous works (see Fig. 9 and 10 of Lee et al. (2009) and Fig. 5 and 6 . of Hamana et al. (2004) ). As we have argued above this is likely to be due to quasi-linear corrections to the bias for the brightest LBGs. In addition to these higher order corrections to the bias, the missing clustering power at intermediate scales could also be due to (i) uncertainties related to distribution of satellite galaxies that is assumed to follow the NFW density profile of dark matter halos, (ii) the non-linear corrections to dark matter power spectrum (Mo & White 1996) ; although we find this does not raise the predicted clustering to the observed values. We thus discuss possibility (i) further below. Nevertheless, it is quite remarkable that the predictions from our simple physical model fit the observed clustering over a wide range of magnitudes, scales and for the full range of z = 3 − 5.
Sensitivity to the halo density profile
The discrepancy noted above, between the observed and our model predicted w(θ) at intermediate angular scales, could be due to one halo correlations of galaxies extending beyond the virial diameter of NFW density profile. Physically this means that subhalos (and satellite galaxies they host) can reside outside the virial diameter of the parent halo. If this is true, data suggest that, this effect is stronger for z 5.
To explore this possibility we assumed that halos follow a new density profile which is of the same form as the NFW profile, but with a larger virial radiusrvir = svirrvir. We keep the the concentration parameter and the mass of the parent halo the same as before. We took the fiducial values of svir = 1.5 and svir = 2.0 at redshifts 4 and 5 respectively (see Table 4 ). Adopting svir > 1 can increase the clustering at intermediate scales but will reduce the amplitude at small scales. This can be compensated by adopting a smaller ∆t0. In Fig. 11 we have shown the effect of extending the one halo term beyond the virial diameter of the parent halo. The value of ∆t0 is also reduced to 1.4t dyn and 1.3t dyn respectively at redshifts 4 and 5 to obtain a better Figure 11 . The effect of concentration parameter and s vir on the clustering. Our fiducial model is shown in black dotted curve. The dashed blue curve is for a model where one uses concentration parameter given by Bullock et al. (2001) . The solid red line shows our model predictions, that show the effect of extending the one halo term beyond the virial radius of the parent halo. In these cases, for simplicity, we multiplied the virial radius by factor s vir . For z = 5 we have used s vir = 2 and for z = 4 we have used s vir = 1.5. Note that our fiducial model corresponds to s vir ∼ 1. The data points and error bars are from Hildebrandt et al. (2009) . We used the fiducial cosmology parameters in this figure. All the astrophysical parameters the same as in Fig. 9. fit at the smallest angular scales. The dotted black curve is for svir = 1.0 (fiducial model). The curves obtained after extending the one halo term beyond the virial diameter of dark matter halos are shown in solid red lines. One can clearly see that these new curves provide a better fit to the observed clustering in small angular scales (θ < 20 ′′ ). It is also clear from the figure that a change in the form of distribution of satellite galaxies inside the halos alone will not explain the discrepancy seen at 20
′′ . We have also considered the prescription for the concentration parameter given by Bullock et al. (2001) , which is used by earlier works high redshift clustering (Hamana et al. 2006) . The dashed blue curves in Fig. 11 show the corresponding results at z = 4 and 5. One can clearly see that adopting the concentration parameter given by Bullock et al. (2001) underpredicts the clustering at θ 3 ′′ 5.3 Dependence on astrophysical and cosmological parameters
In Section 3.1, we found that the large angular scale correlation functions (with 80 ′′ < θ < 1300 ′′ ) were fairly insensitive to changes in the assumed astrophysical and cosmological parameters, provided these models still fit the observed LF. We now ask if this is true also for small angular scales below θ < 10 ′′ where our fiducial models can reasonably fit the observed data. On small angular scales, the correlation functions can in principle be a function of astrophysical parameters as these change the total number of central and satellite galaxies satisfying the given luminosity criteria.
In Fig. 12 , we show the effect of varying κ (which determines the duration of star formation activity in a halo) on small scale clustering. The blue solid curves are for our fiducial model with κ = 1.0. The blue dotted and dashed curves are for κ values 0.7 and 1.3 respectively. All other parameters except for f * /η have been kept the same, and f * /η is varied such that the predicted LF still fits the observed LF data reasonably well. One can clearly see that clustering predictions especially for κ = 0.7 do not fit the correlation functions on small angular scales. Therefore we conclude that small scale clustering of LBGs at high redshifts can give useful information about κ and thus the duration star formation in a halo. We find that κ ∼ 1 or the star formation duration of order t dyn is favored by the small scale clustering data.
We also varied Magn, which determines the AGN feedback, around the fiducial value at each redshift, ensuring that the predicted LFs still reasonably fits the and observed data. We find that even the small scale angular correlation functions are fairly insensitive to these changes. For example when we varied Magn at redshift 4 from 1.2 × 10 12 M⊙ to 1.8 × 10
12 M⊙, the clustering predictions change at all Table 4 . A summary of the fiducial parameters used in various models at at z = 4, 5 and 6. The quantity κ that determines the duration of star formation in our models is fixed to be 1. For models where we extend one halo term beyond the virial diameter of a halo, we changed ∆t 0 slightly from fiducial value. scales by about −7% to 5% from the fiducial model. We also found that the situation is similar for all magnitudes and other redshifts. We have also considered the effect of varying a whole suite of cosmological parameters within their 2σ limits determined by WMAP7 year data. Again we ensure that the predicted LFs best fits the observed data, by varying f * /η. We find that the small angular scale clustering is very insensitive to changes in all the cosmological parameters except σ8; where at most a ±20% change results when σ8 is varied between its 2σ limits given by WMAP 7 year data.
DISCUSSION AND CONCLUSIONS
We have presented here a physically motivated semianalytical model of galaxies to understand the clustering of high redshift Lyman break galaxies, where the model parameters are constrained by the observed high z luminosity function. For this purpose we use and expand upon the standard halo model. Galaxies are assumed to be formed inside dark matter halos. Their luminosity is determined by a physical model of star formation, which is a function of the mass and age of the hosting halo.
We began by assuming that each halo can host at most one visible galaxy. On fitting the observed LF, we determine the relationship between the luminosity of a galaxy and the mass of its host halo. This allows us to calculate the large scale bias for LBGs satisfying any luminosity threshold. This bias is then folded in with the dark matter power spectrum to predict the two point spatial correlation function of these LBGs and hence the angular correlation function w(θ). For our fiducial model, we find that the predicted w(θ) compares very well with the observed data of both Hildebrandt et al. (2009) and Ouchi et al. (2005) at θ > 80 ′′ , for the whole range of redshifts z = 3 − 5 and limiting luminosities (magnitudes) (see Figs. 4, 9, 10 and Table 4 ).
The predicted large scale galaxy bias bg agrees well with that observationally determined by Hildebrandt et al. (2009) (see Table 2 ). At a given z the bias increases with increasing luminosity, while for a given L th it increases with z. However, we find a smaller spread in bg as a function of L th at any given z compared to that of Hildebrandt et al. (2009) . Remarkably, we find that the predicted large scale clustering of LBGs is fairly insensitive to the assumed astrophysical or cosmological parameters, provided we simultaneously fit the observed LF. This may point to an important internal consistency of our physical model; that if we fix the mass to light ratio correctly by using the LFs of LBGs, then the standard LCDM model correctly predicts the amplitude of their large scale clustering.
We then extended our approach by incorporating the Halo occupation distribution, which provides the distribu-tion of galaxies inside dark matter halos. This is separated into the central, fcen, and satellite, Ns, contributions. Often the HOD is modelled in a parametrized form. Instead we have adopted a more physical approach. We use our prescription for computing the LF to estimate fcen. The conditional mass function and our star formation model are used to calculate the mean number and luminosity of satellite galaxies in a parent halo. An additional parameter, ∆t0, is introduced in calculating Ns (see Table 1 ). If parent halo collapses at a time tp, a subhalo can host a detectable galaxy only if it collapses at an earlier epoch, ts < tp − ∆t0. In order to explain the small angular scale clustering, one requires ∆t0 of order t dyn , the dynamical time scale of the parent halo. A much smaller (or larger) ∆t0 leads generically to an excess (deficit) of small angular scale clustering.
The calculated forms of fcen(M, L th , z) and Ns(M, L th , z) compare reasonably with that assumed in parametrized models of Hamana et al. (2006) and the simulations of Conroy et al. (2006) . The average value of fcen is typically 0.4. Thus, on the average, 40% of the halos above a minimum mass Mmin (which itself depends on the luminosity threshold), at any given redshift, can host detectable central galaxies. Further the average value of Ns is about 0.02 − 0.04, or about 5 − 10% of the halos with detectable central galaxies, also will have a detectable satellite. Indeed it is such pairs which contribute to the small angular scale clustering. At z = 4 and for apparent magnitude thresholds in the range 25-26, the average mass of halos contributing to the observed clustering, Mav, ranges from 10 12 M⊙ − 3.9 × 10 11 M⊙. At z = 5 these masses are smaller by a factor ∼ 1.4, while at z = 3 these masses are larger by a similar factor. At any given redshift and magnitude threshold, the typical mass MP of parent halos hosting detectable satellite galaxies, are about 2 times larger than Mav.
Having obtained the HOD, we can calculate both the one halo and two halo contributions to the total correlation function of LBGs. Our simple physical model gives a reasonable fit to the observed clustering of LBGs at all angular scales for the faintest LBGs with m 25 at z = 3 and for m 26.5 at z = 4. At z = 5, and for the most luminous galaxies at z = 3, 4, the predicted w(θ) again fits the observed data well at both large (θ > 80 ′′ ) and small (θ < 10 ′′ ) angular scales. The clustering at small angular scales as mentioned above, is likely to be dominated by pairs of LBGs rather than rich clusters, as the number of detectable galaxies hosted by most collapsed halos is typically less than 2.
The small angular scale clustering is also not very sensitive to changes of several cosmological and astrophysical parameters from their fiducial values, as long as we simultaneously fit the observed LF. However, the amplitude of w(θ) on small angular scales is very sensitive to the value of κ, which determines the duration of star formation activity in a halo. The present data are consistent with κ ∼ 1 or a star formation duration of the order of the dynamical time scale t dyn of the dark matter halo.
We find that the following broad physical picture of LBGs consistently accounts for their observed LF and clustering. First the average mass of the halos hosting the brightest central LBGs at z = 3 − 5, with −21 < MAB < −20, is around 3 × 10 11 M⊙ to 1.5 × 10 12 M⊙. Halos which host detectable satellites and contribute dominantly to the small angular clustering are more massive by a factor of 2 or so. Typically fainter LBGs or those at higher z are hosted by smaller mass halos. In these galaxies about 50% of the stars are formed over a timescale of 300 − 500 Myr for z = 5 − 3, by converting ∼ 3 − 8% of the baryons to stars. Our physical model for the HOD suggests that approximately 40% of the halos above a minimum mass Mmin, can host detectable central galaxies. This is comparable to the duty cycle values preferred by Lee et al. (2009 Lee et al. ( , 2012 . Further, about 5 − 10% of these halos are likely to also host a detectable satellite. These satellites form over a dynamical timescale or so prior to the formation of the parent halo. The small angular scale clustering is mainly due to central-satellite pairs. The average fraction of halos which can host a central LBG can be compared to the duty cycle invoked in the literature. Finally, a preliminary study suggests that the star formation model that we have invoked is also consistent with observation of the SFR-M * relation, and the stellar mass function. The theoretically predicted w(θ) at intermediate angular scales is smaller than that observed, for the brightest LBGs at z = 3, 4 and at z = 5. We explored in detail whether this excess can be due to a more extended satellite galaxy distribution. This only partly accounts for the discrepancy. We also find that the non-linear corrections to dark matter power spectrum does not raise the predicted clustering at the intermediate scales to the observed values. Note that the typical mass of dark matter halo hosting a galaxy increases with its luminosity. Also the higher order (quasi-linear) corrections to the dark matter halo bias is expected to be larger for higher mass and higher redshift halos, which are rarer. Therefore we suspect that the higher order quasi-linear corrections to galaxy bias could be playing a role in explaining the excess intermediate scale clustering, a possibility which we hope to explore in the future. Nevertheless, it is noteworthy that the predictions from our simple physical model, employing only a few free parameters, can fit the observed clustering data over a wide range of scales, redshifts and limiting luminosities.
